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In this paper, the flow dynamics in the wake of a turbulent annular jet is studied using
Time-Resolved Stereoscopic Particle Image Velocimetry and Proper Orthogonal De-
composition (POD). In this wake, a central recirculation zone is present which, under
certain conditions, shows a low-frequency precessing motion. POD analysis of the
measured velocity data shows that at zero swirl, an asymmetry is present in the wake,
which motion is random in time. This asymmetry originates from a bifurcation of the
flow once a threshold Reynolds number is exceeded. For low-swirl numbers, ranging
from 0 < S < 0.12, the asymmetry is still present and its motion becomes structured
into a well defined precession. For S > 0.12, the precession is gone and the motion of
the asymmetric wake is again random in time, similar like the non-swirling jet. In this
paper, a model is developed to describe the influence of swirl on the wake dynamics.
The model assumes that perturbations in the inner shear layer near the bluff body wall
are convected towards the stagnation point. These perturbations cause a shift in the
stagnation points position. This shift is convected back to the inner shear layer through
convection in the recirculating flow. The dynamics of this feedback mechanism can
be modeled by the nonlinear delayed saturation model. In this paper, the model is
adapted for swirling flow and simulations show that good agreement is found with
the experiments. C© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898347]
I. INTRODUCTION
Bluff-body combustors are widely used in industrial applications, as they demonstrate several
favorable characteristics. First, due to flow separation a region of subatmospheric pressure is created
in the immediate wake behind the bluff body causing the flow to recirculate. This central recirculation
zone (CRZ) promotes flue-gas recirculation and flame stabilization.1, 2 Second, the bluff body can
serve as a fuel injection device in non- or partially premixed combustion, either using cross-flow3, 4 or
co-flow injection.5–7 One widely used type of bluff-body combustor is the annular jet. An annular jet
can be seen as the limiting case of a coaxial jet with a velocity ratio (ratio between the velocity of the
outer and the inner jet) of infinity. Despite their simple geometrical configuration, coaxial jets exhibit
a complex flow field with two shear layers. One in the region between the jet and the environment,
called the outer shear layer, and one in the region between the CRZ and the jet, called the inner
shear layer.8, 9 These shear layers are characterized by strong anisotropic turbulence. Although the
annular jet geometry is axisymmetric, under some conditions the flow exhibits a spontaneous break
in symmetry. Del Taglia et al.10, 11 reported that for laminar, zero-swirl, incompressible annular jets
the break of symmetry is controlled by the Reynolds number and the blockage ratio which can be
combined into a state parameter λ. At a certain critical value of the state parameter λc, the flow
suddenly breaks symmetry.
a)Electronic mail: Maarten.Vanierschot@kuleuven.be
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Several authors12–15 suggest the existence of low space-time frequency oscillations near the
stagnation point, located at the end of the CRZ, as velocity measurements show large velocity fluc-
tuations. These studies, however, were unable to identify the spatial aspect of the large fluctuations
since the flow field was measured point wise. Patte-Rouland et al.16 did a proper orthogonal decom-
position (POD) of the velocity field to study the spatial aspects of the annular-jet wake. Their aim was
to decompose the velocity fluctuations into a part induced by the large-scale oscillation and a part
attributed to turbulence. Reconstruction of the flow field using the two most energetic POD modes
showed that mode 1 corresponds to the motion of the stagnation point, which is correlated with
a significant asymmetry of the recirculation zone. Since the 2D-Particle Image Velocimetry (PIV)
measurements in the study of Patte-Rouland et al.16 were not time-resolved, no temporal information
on this motion was available. For coaxial jets, Rehab et al.17 found that if the velocity ratio was
higher than around 8, an unsteady recirculation bubble appeared, which oscillates at a low frequency
and high amplitude compared to the mixing-layer instability. They reported a Strouhal number of St
= fDi/U0 = 0.035, where Di is the diameter of the inner jet and Uo is the mean velocity of the outer
jet. Another study by Duwig and Gutmark18 reports a large-scale oscillation in the recirculation zone
of an enclosed ring of jets, which can be regarded as an annular jet broken up into smaller parts.
The oscillation is caused by an off-axis rotation of the CRZ and the external recirculation-zone in
between the jets and the enclosure. They report a Strouhal number StDb = 0.036, using the diameter
Db of the central recirculation zone as a length scale and the jet bulk velocity as a velocity scale.
Vanierschot and Van den Bulck19 reported an even lower frequency (St = 2.5 × 10−3) in the wake
of a turbulent annular jet. The associated oscillation is caused by a tilted CTV (Central Toroidal
Vortex) which rotates around the central axis. This precession has a large influence on the flow field
as it was shown that near the stagnation point up to 45% of the rms velocity fluctuations can be
attributed to the precession of the CTV.
Often swirl is given to annular jet flows to enhance mixing and create large zones of
recirculation.20 At certain swirl numbers, large scale instabilities in the flow field can exist such
as vortex breakdown or the precessing vortex core. The dimensionless swirl number S, first proposed
by Bee´r and Chigier,2 is a measure for the amount of rotation of the flow and is defined as
S =
∫ Ri
Ro 2πρUUθr
2dr
Ro
∫ Ro
Ri 2π (ρU
2)rdr
, (1)
where ρ is the density of the fluid, r is the radius, U the velocity component parallel to the axis x,
and Uθ the tangential velocity. The overline represents a time-averaged quantity. Ri is the inner and
Ro the outer diameter of the annular jet. This paper investigates experimentally the influence of S
on the wake dynamics. The swirl number is restricted to very small numbers (|S| ≤ 0.16), which
is well below the point where classical instabilities like vortex breakdown occur. In these low swirl
regimes, data found in literature are scarce.
II. EXPERIMENTAL SETUP
A. Test facility
Experiments were performed on a modified annular-burner setup. A schematic drawing of the
test facility is shown in Figs. 1 and 2. Air is supplied by a pressure-controlled source. The flow
rate is controlled by an upstream valve combined with a flow rate meter. The air enters a settling
chamber through 6 channels to ensure a homogeneous velocity distribution. The settling chamber
is disc shaped and has a radius of 11.3R0 and a thickness of 3.1Do. Before flowing through the
annular channel the air passes a swirl generator, which has 12 guide vanes. This swirl generator is
an adjustment of the original design by the IFRF3 with different guide vanes to make it possible to
create swirl in both counter- and clockwise direction, which was not possible in the original setup.
The swirl number has a maximum magnitude of |S| = 0.3 in both rotational directions. The annular
channel has an outer diameter Do equal to 26.8 mm, an inner diameter Di = 0.67Do, and a length
2.9Do. The bluff-body blockage ratio (Di/Do)2 is equal to 0.44. The temperature of the air which
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
134.58.253.30 On: Wed, 29 Oct 2014 18:27:31
105110-3 Vanierschot et al. Phys. Fluids 26, 105110 (2014)
X
Air
Settling chamber
L2 Swirl generator
Y
L3
L
Ri Ro
FIG. 1. A cutout drawing of the test facility.
is used to determine the kinematic viscosity ν is measured at a location upstream of the settling
chamber by a thermocouple with an accuracy of ±0.1 ◦C. Note that at the bluff-body center the
channel for co-axial injection of fluid is closed in this study.
B. The PIV system
The flow field is measured using Time-Resolved Stereoscopic PIV. A schematic drawing of the
PIV system can be found in Fig. 2. The air coming from the pressure source is seeded with DEHS-oil
particles, generated by a Palas AGF 10.0 Liquid Nebulizer, with a diameter between 0.2 and 1 μm.
This ensures that velocity fluctuations up to 8 kHz can be followed by the largest particles and 50%
of them can follow fluctuations up to 67 kHz.21
A planar laser sheet, generated by a NewWave Dual Cavity Nd:YLF Pegasus-PIV laser with a
wavelength of 527 nm and a pulse energy of 10 mJ at 1000 Hz, illuminates the seeding particles
in the measurement plane. The laser sheet is spanned along the x- and y-axis in a longitudinal
measurement plane. The images are recorded using two HighSpeedStar 5 CMOS cameras with a
resolution of 1024 × 1024 pixels and the sample frequency is 125 Hz. The corresponding sampling
time scale (8 ms) lies between the integral timescale of the turbulence in the jet (≈ 1 ms) and the
time scale corresponding to the precession (0.1–1 s). Therefore, the sampled data are statistically
FIG. 2. A schematic drawing of the PIV setup.
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independent with respect to the turbulent fluctuations and the time resolution is still sufficiently to
resolve the precession. The number of samples N is equal to 1024. This ensures a relative error of
around 2% for the mean values of velocity based on a 95% confidence interval. The two cameras are
mounted in the forward-scattering direction under an angle of approximately 30◦ with the laser sheet
plane. A Scheimpflug adapter ensures that particles within the light sheet are focused throughout
the entire measurement area. The calibration of the PIV system is done using a 3D calibration
plate. In order to correct for the misalignment of the laser sheet and the plate, the self-calibration
procedure of Wieneke22 is applied. In this way, a rms fit error smaller than 0.12 px is obtained.
The velocity vectors are calculated using the DaVis 7.2.2 software of LaVision GmbH. The images
of the two light pulses are recorded on different frames of the cameras and the correlation peak is
determined using cross-correlation of these two frames. In order to obtain a good spatial accuracy
and a minimization of spurious data, the velocity vectors are calculated iteratively using window
deformation. The process starts at an interrogation area of 32×32 px2 and decreases until a final
interrogation area of 12×12 px2 with 50% overlap. This yields to a spatial resolution of 0.22 mm
between two neighboring vectors in both the directions in the measurement plane. Spurious vectors
are detected and removed by a median test as first proposed by Westerweek.23 In this paper, the
resulting Cartesian velocity field is denoted by −→U = (U, V, W ) (see Fig. 2 for the definition of the
velocity axis). Further data evaluation is done using in-house developed software.
C. Flow conditions and validation
The swirl numbers of the jet studied in this paper are chosen in both rotational directions and
range from 0 to 0.16. The Reynolds number Re of the flow is kept constant for each swirl number
and is based on the hydraulic diameter Dh = Do − Di as length scale, the volume-averaged velocity
at the outlet U0 as velocity scale, and the kinematic viscosity ν at 21 ◦C equal to 15.3 mm2/s.
This results in a Reynolds number Re ≈ 8600. As the position of the central rod in the setup is
determined by a positioning mechanism (more details can be found in Vanierschot and Van den
Bulck19), validation of the axisymmetric nature of the flow field is necessary. This validation is done
for velocity profiles close to the inlet. These profiles are axisymmetric within measurement accuracy
for all swirl numbers studied. Comparing the W profiles shows that the swirl generator produces,
within measurement accuracy, the same W profiles in the two different rotational directions. The
swirl number has been determined by numerical integration of Eq. (1). To increase the accuracy,
velocity profiles of U and W are spatially averaged out over different rotational angles. Despite the
swirl numbers in this study are very low, this allows an estimation of S within 0.002.
D. Proper orthogonal decomposition
It is widely acknowledged that in turbulent flows large-scale organized motions are present,
which are called coherent structures. The study of their dynamics and interaction with each other
is important for a better understanding of the flow itself. Different techniques exist to identify the
coherent structures, which are often hidden in the incoherent turbulent motions. A few examples of
these are (see Adrian et al.24): the Reynolds-, Galilean-, and LES-decomposition or vortex identi-
fication techniques such as the swirl-strength λci-criterion. In this paper, an additional technique,
the POD (see Berkooz et al.25), is used. POD projects the velocity field onto an orthonormal base
which maximizes the kinetic fluctuation energy for any subset of the base, resulting in a set of modes
representing an average spatial description of structures containing most of the energy.18 Note that
the modes do not necessarily have to correspond to coherent structures as they may also correspond
to events in the flow that contribute the most, in a statistical sense, to the energy of the flow.26 An
advantage of the method is that it does not need a priori knowledge about the flow field of interest.
Also one of the main properties is optimality, meaning the decomposition provides the most effi-
cient way to capture the dominant components of an infinite-dimensional process with only finitely,
many times a few, modes.27 It is possible to estimate the velocity field using a truncated number of
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modes as
−̂→U (t,−→x ) = −→U (−→x ) +
∑
k
ak(t)−→ψ k(−→x ), (2)
where −̂→U is the estimated velocity field based on a collection of modes with orthonormal base −→ψ
and an associated time-coefficient ak. −→x is the representation of the position vector (x, y, z) and t is
the time variable. Note that when all the modes are used to reconstruct the velocity field −̂→U is equal
to −→U . The modes are ordered in such way that the kinetic energy contained in mode k is larger than
that of mode k + 1. The number of snapshots used for the decomposition is equal to 1024. This
should be sufficient since Patte-Rouland et al.16 showed that for their decomposition of an annular
wake flow with a similar Reynolds number, a number of 400 snapshots is enough to capture the
statistics of the first three modes. Also, a previous study by Vanierschot et al.28 shows that POD is
able to capture the flow dynamics of the annular wake and hence is suitable for this study. Moreover,
only the first two modes are needed in the reconstruction.
III. RESULTS AND DISCUSSION
A. Flow structures for S ≈ 0
Figure 3 shows the in-plane velocity vectors of the annular jet at |S| = 0. As can be seen on
the figure, the wake behind the central tube is slightly asymmetric. This symmetry breaking of
annular jets is also reported in literature by Del Taglia et al.10 In their numerical study, symmetry
breaking occurred even for symmetric boundary conditions. A simple mechanism for the transition
to asymmetry is proposed in another paper by Del Taglia et al.11 They stated that perturbations in
the inner shear layer near the nozzle exit are convected towards the stagnation point and cause there
a shift in location. In order to study the large scale motions of the wake, a POD decomposition of
the wake is performed. Fig. 4 shows the first two spatial modes (−→ψ 1 and −→ψ 2) and their influence
on the flow field. With respect to the third and higher eigenmodes no clear conclusions can be
drawn of their influence on the wake motion. The first two spatial eigenmodes are very similar to
the ones found in the POD analyses by Patte-Rouland et al.16 and Vanierschot et al.28 For −→ψ 1 the
ratio of the maximal in-plane vector over the maximal out-of-plane vector is equal to approximately
2.6, while for the second spatial eigenmode this ratio is approximately the same but inversed.
Consequently, −→ψ 1 is primarily composed of in-plane motion, while −→ψ 2 especially has an out-of-
plane influence. Also mode 2 is a rotation of mode 1 around the central axis of the jet by π /2 radians.
To study the effect of each eigenmode on the flow field, the wakes motion is reconstructed with
selected eigenmodes using Eq. (2). The effect of the first eigenmode on the flow field can be seen in
FIG. 3. Velocity vectors of the non-swirling jet. The vectors are scaled with U0. Colored according to magnitude.
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FIG. 4. Effect of the first two eigenmodes a1−→ψ 1/U0 and a2−→ψ 2/U0 on the flow field (|S| = 0). Data from a longitudinal
measurement plane. Colored according to magnitude. Note: only one in four vectors is shown. (a) −→ψ 1/U0, (b)−→U /U0 +
max
∀t
(a1)−→ψ 1/U0, (c) −→ψ 2/U0, (d) −→U /U0 + max∀t (a2)
−→
ψ 2/U0.
Fig. 4(b), where the first mode multiplied by the maximum of the time coefficient a1 is added to the
time-averaged velocity-field. Clearly, the first eigenmode is responsible for a significant asymmetry
in the recirculation zone, as the recirculation flow strongly points towards the right-hand side (see
also Patte-Rouland et al.16 and Vanierschot and Van den Bulck19) The reconstruction of the flow field
with only the second mode is shown in Fig. 4(d). As can be seen, mode 2 describes an out-of-plane
motion of the wake, especially near the stagnation point.
The temporal reconstructions coefficients a1 and a2 are shown in Figs. 5(a) and 5(b). These
coefficients are filtered in time with a low pass filter to remove the high frequency turbulent fluctu-
ations. Examination of the time coefficients a1 and a2 shows that fluctuations with a large timescale
are present and the amplitude having both negative and positive values. Cross correlation of a1 and
a2 shows that they are essentially uncorrelated. Looking at the time spectra of the coefficients no
clear peak can be defined. In order to reveal the time characteristics, Figs. 5(c) and 5(d) show the
wavelet analyses of a1 and a2. These figures show fluctuations which have dimensionless frequen-
cies in the order of St ∼ 0.002 − 0.01, which is much lower than Strouhal numbers associated with
shear layer instabilities. Several authors have also reported on these large scale fluctuations near the
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FIG. 5. Temporal reconstruction coefficients and their wavelet analysis. A Morlet wavelet is used in the decomposition.
(a) First mode temporal reconstruction coefficient a1, (b) second mode temporal reconstruction coefficient a2, (c) wavelet
decomposition of the first temporal coefficient a1, (d) wavelet decomposition of the second temporal coefficient a2.
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stagnation point.12–15 However, no clear harmonic oscillation can be found which implies that the
CRZ asymmetry has a quasi-random orientation in time and there is no periodic motion.
The mechanism of disturbances proposed by Del Taglia et al.11 is unable to explain the low
frequency motions of the stagnation point since the frequencies associated with their convective
timescales are much higher. Therefore, we suggest a model which involves feedback from the
stagnation point back to the inner shear layer. The mechanism works in the following way. Instabilities
in the inner shear layer are convected towards the stagnation point, causing there a shift in location.
This shift in location is convected back to the inner shear layer by the recirculating flow in the wake
vortex. This feedback process has a time delay τ which is the time necessary for disturbances to be
convected form the stagnation point to the inner shear layer. For the jet in our study, the convective
feedback time can be approximately calculated from the mean velocity profile and is approximately
equal to 5.5 ms, giving a dimensionless delay time (scaled with the jet velocity and bluff body
diameter) in the order of τ ≈ 3.
A general dynamical model to analyze this feedback mechanism is based on the equation of
Landau for weakly nonlinear instabilities and was first introduced by Villermaux.29 This equation
describes the time evolution of a relative amplitude A(t), where A(t) ∼ (aXs − δXs)/Xs, with Xs the
position of the stagnation point and a a proportionality constant. The dynamic equation for A(t) is
given by
d
dt
A(t) = σ A(t) − μ|A(t − τ )|2 A(t), (3)
where σ is the perturbation growth rate, μ sets the amplitude, and τ is the convective feedback
time. The nonlinear term on the left hand side prevents unphysical growth of the amplitude at long
times. This nonlinear saturation is effective after a time lag τ and hence the model is called the
nonlinear delayed saturation model or NLDS. More information regarding the NLDS model can be
found in Villermaux et al.29, 30 Equation (3) has no steady state amplitude if στ > π /4. The period
of oscillation T can be approximated by
T ≈ τ
(
2 + (1 − β)
2
1 − β2 e
2(1−β2)στ
)
, (4)
with β ≈ 0.45. For an axisymmetric shear layer, the dimensionless growth rate of the perturbations
depends on the wave number, but is generally in the order of one.31, 32 The zero swirling jet has a value
of στ ∼ 3, which is in the unstable regime of Eq. (3). Figure 6 shows the numerical calculation of
Eq. (3) for στ = 3. More details regarding the algorithm can be found in Shampine and Thompson.33
Although the frequency of oscillation 1/T is well defined, the direction of the amplitude becomes
highly dependent on the initial conditions and shows chaotic behavior. The same can be found in
the wavelet analysis in Fig. 9. Higher frequency oscillations corresponding to 1/T are superimposed
on an amplitude which changes sign randomly in time (Figs. 5(a) and 5(b)). A close relation exists
between the amplitude of the convected disturbances and the temporal reconstruction coefficients
of the POD analysis even if turbulence is not taken into account in Eq. (3). Moreover, looking at the
frequency spectrum of A(t) (Fig. 6(b)) also shows no clear frequency peak, but several small peaks
at low Strouhal numbers, which is also observed in the experiments. Also, the frequencies are in the
same order of magnitude.
B. Flow structures for 0 < S < 0.12
Figure 7 shows the velocity vectors of a low swirling jet with swirl number |S| = 0.015. In
contrast to the non-swirling flow, the wake behind the central tube is symmetric. Apart from that
the wake is very similar compared to the non-swirling jet and these very low swirl numbers hardly
change the structure of wake. The spatial eigenmodes of the POD analysis of the swirling jet, shown
in Fig. 8, are almost identical to the ones found in the non-swirling jet. The first mode (−→ψ 1) can
be found in Fig. 8(a). This spatial structure represents the motion of the stagnation point in the
measurement plane and is responsible for the asymmetry in the wake. Comparison with Fig. 4(a)
shows they are very similar. The second mode (−→ψ 2) can be found in Fig. 8(c). This spatial structure
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FIG. 6. Results of the numerical simulation of Eq. (3). The dimensionless feedback time τ = 3, στ = 3, and μ = 4000σ .
(a) Amplitude A(t) as a function of the dimensionless time scaled with T. The amplitude is plotted in arbitrary units, (b)
frequency spectrum of A(t).
represents the out-of-plane motion of the stagnation point. Comparison with Fig. 4(c) shows this
mode is very similar to the corresponding mode of the non-swirling jet. Like for the non-swirling
jet, no clear conclusions can be drawn of the influence of the third and higher modes on the wake
motion. POD analysis of the flow structures at other swirl numbers (not shown here) shows that
these are identical to |S| = 0.015 in the swirl number range 0 < S < 0.12.
FIG. 7. Velocity vectors of the swirling jet (|S| = 0.015). The vectors are scaled with U0. Colored according to magnitude.
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FIG. 8. Effect of the first two eigenmodes a1−→ψ 1/U0 and a2−→ψ 2/U0 on the flow field (|S| = 0.015). Data from a longitudinal
measurement plane. Colored according to magnitude. Note: only one in four vectors is shown. (a) −→ψ 1/U0, (b) −→U /U0 +
max
∀t
(a1)−→ψ 1/U0, (c) −→ψ 2/U0, (d) −→U /U0 + max∀t (a2)
−→
ψ 2/U0.
Despite the fact that the spatial eigenmodes of the non-swirling and swirling jet are very similar,
the temporal reconstruction coefficients are very different. For the swirling jet (|S| = 0.015), the
temporal reconstructions coefficients a1 and a2 are shown in Figs. 9(a) and 9(b). These coefficients
are filtered in time with a low pass filter to remove the high frequency turbulent fluctuations. Unlike
the non-swirling jet, looking at the frequency spectra (not shown here) shows the presence of a
clear peak. For the third mode, a weak peak is present at double the precessing frequency and for
the higher modes no clear peak can be found. For the non-swirling jet, these coefficients a1 and
a2 were essentially uncorrelated, however, a cross-correlation of the data for the swirling jet shows
that both coefficients are strongly correlated and a2 is lagging a1 by π /2 radians. Reconstruction
of the velocity field shows that mode 1 and mode 2 represent a precession of the asymmetric wake
around the central axis of the jet. This precession was also found in a study by Vanierschot and
Van den Bulck.19 In this paper, the 3D shape of the recirculation zone is reconstructed based on
phase averaged data. In order to reveal the time aspects of the precession, Figs. 9(c) and 9(d) show
the wavelet analyses of a1 and a2. The precession frequency is clearly present in the correlation
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FIG. 9. Temporal reconstruction coefficients and their wavelet analysis for the swirling jet (|S| = 0.015). A Morlet wavelet
is used in the decomposition. (a) First mode temporal reconstruction coefficient a1, (b) second mode temporal reconstruction
coefficient a2, (c) wavelet decomposition of the first temporal coefficient a1, (d) wavelet decomposition of the second temporal
coefficient a2.
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FIG. 10. Influence of the swirl number |S| on the precession frequency f. Uncertainty on swirl number is due to PIV measuring
error, while uncertainty on frequency is equal to f, the frequency resolution in the spectrum. Direction of swirl and rotation:
 θ↑  θ↓. Measurements where precession is not detected are denoted by ©. The linear regression of the data is denoted
by the black line (the dashed lines give the 95% regression confidence-interval).
data. This precession frequency changes slightly in time due to turbulent fluctuations which alter the
feedback mechanism of the stagnation point.
Since the spatial POD modes −→ψ 1 and −→ψ 2 for a swirling jet are very similar to the ones found in
the zero swirl jet, swirl does not affect the asymmetric wake, it only makes its motion coherent into a
single precession at selected frequencies. In order to test the hypothesis that the precession found by
Vanierschot and Van den Bulck19 for the non-swirling annular jet is swirl induced, the influence of
swirl on the frequency f associated with the precession is studied. Analysis of the spectra for swirling
jets in the range of 0 < |S| < 0.12 shows clear peaks in the spectra of a1 and a2. This peak decreases
in magnitude and spreads out to neighboring frequencies if the swirl number is increased, indicating
a decay of the precession. Finally, for a swirl number outside the precession range (|S| ≥ 0.12), no
peak can be found in the spectrum. The relationship between f and |S| is shown in Fig. 10. Clearly,
the swirl number |S| and the frequency f are closely linked and the relation is linear. The range of
swirl numbers where the precession can be identified in the frequency spectrum goes up to |S| ≈ 0.11
and hence the precession is confined to relatively low swirl numbers. The highest frequency found,
(at |S| ≈ 0.11), corresponds to a Strouhal number, based on the diameter of the bluff body Di, equal
to 0.013, which is still lower than the frequencies for shear layer instabilities found in literature. For
|S| = 0.002 (zero swirl within measurement accuracy), no dominant frequency is present. As f and
|S| are closely linked, Fig. 10 suggests that swirl entrains the asymmetric wake and transforms the
unstructured motion at zero swirl into a precession. Moreover, if the swirling direction is changed,
the precession direction also changes. To derive a simple model for the influence of swirl on the
precession, let us assume that the driving force for the precession is entrainment of the annular jet
near the nozzle inlet at the base of the wake vortex. In a study by Del Taglia,10 this was stated as the
region where the perturbations originate and are convected towards the stagnation point, creating
the asymmetric flow. The frequency-swirl relation can be derived by assuming that the asymmetric
wake rotates with the same angular frequency as the jet and therefore there is no slip between the
two. The radial profiles of W near the bluff body wall show this is a valid assumption. For a swirl
number S, the average rotational velocity in the inlet channel can be estimated as Wm = rω ≈ Um .S,
where ω is the angular frequency of rotation and hence also the rotational frequency of the wake.
The frequency of precession is f = ω/2π . Combining these two equations results in
f ≈ Um
2πrm
S = 105S, (5)
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with rm is the mean radius of the channel. A linear regression of the data in Fig. 10 gives f ≈
100|S| (black line in the figure). This observation, combined with the simple model of entrainment,
indicates that for zero-swirl the precession is absent, implying that the precession phenomenon is
driven by swirl. Moreover, the precession direction is the same as the swirl direction, e.g., if the
swirl is changed in sign, the precession direction also changes.
As the POD analysis indicates, the wake for the swirling jet contains the same spatial structures
as the non-swirling flow. Due to viscous entrainment of the swirling jet, these spatial structures move
in a coordinated way at the frequency of the swirl. Hence, the relative amplitude for a swirling jet,
AS(t), can be written as AS(t) = A(t) + εsin ωt, where ε = 0.001 is taken very small so that AS(t)
≈ A(t) since these low swirl numbers have no significant influence on the structure of the wake.
Substituting this expression into Eq. (3) results in
d
dt
A(t) = σ A(t) − μ|As(t − τ )|2 A(t) +
ε[(σ − μ|As(t − τ )|2) sin ωt − ω cos ωt]. (6)
This equation is the equivalent NLDS model for a swirling flow. The parameters σ and τ are
dependent on the swirl number. Swirl induces pressure gradients in the radial direction, ∂p/∂r =
ρW 2/r , which lower the pressure gradients in the axial direction at the central axis.20 As a result, the
convective feedback time τ increases linearly with increasing swirl. Also the perturbation growth
rate is dependent on the swirl number as σ is irreversibly proportional to S. However, since the swirl
numbers in this study are very low, the product στ ∼ 3, as is also the case for the non-swirling
flow. Figure 11 shows the numerical simulation of Eq. (6) for a dimensionless swirling frequency
fT = 0.5. Despite the very small value of ε, the chaotic behavior of the amplitude in Fig. 6 is now
transformed into a structured motion. Since ε = 10−3 is very small, the last term in Eq. (6) is only
important at times where A(t) ≈ 0. At these times, swirl sets the direction of the amplitude. In the
frequency spectrum of the amplitude, a clear peak at the swirl frequency is present, together with
smaller peaks at higher harmonics. As the swirl frequency is increased, these peaks remain in the
spectra. The magnitude of the peaks however decreases with increasing swirl.
C. Flow structures for S > 0.12
Figure 12 shows the flow field of a swirling jet with swirl number |S| = 0.16. The wake becomes
asymmetric, as is also observed by other studies.20, 34 As the swirl increases, a secondary vortex is
formed near the bluff body wall because of pressure gradient reduction, imparted by swirl. With
increasing swirl the negative pressure gradient at the central axis reduces, forcing the stagnation
point at the wall to move downstream, creating the secondary vortex structure. This region is called
the inverted triangle zone and this “triangle” increases with increasing swirl (more information can
be found in the studies of Vanierschot and Van den Bulck20 and Sheen et al.34)
A POD analysis of the wake shows that only the first mode is clear enough to draw conclusions.
The second and higher modes show no clear influence on the motion of the wake. The first eigenmode
is shown in Fig. 13. It is very similar to the first modes for the low swirling jets (0 ≤ |S| < 0.12)
since the swirl induced pressure gradients in the axial direction at the central axis make the mode
only slightly different near the bluff body wall. Like in the precious jets, this mode represents a
motion of the wake in the measurement plane. Analysis of the corresponding temporal reconstruction
coefficient, Fig. 14, shows that no well defined peak can be found in the spectra. Comparing a1 with
the corresponding non-swirling jet shows the swirling flow at |S| = 0.16 exhibits the same unstable
behavior as for zero swirl. However, the wavelet coefficients are much smaller, indicating that the
large scale motion of the wake becomes less pronounced.
Solving Eq. (6) for higher swirl numbers shows that at a frequency of fT ≈ 5.5 and above, no
clear peak in the spectrum can be found. Figure 15 shows the numerical simulation of Eq. (6) for
fT = 5.5. The direction of the amplitude depends highly on the initial conditions and A(t) shows
the same behavior as for the non-swirling jet. Also the spectrum of A(t) shows no clear peak at
the swirling frequency. The period T can be calculated from Eq. (4). The convective time delay τ
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
134.58.253.30 On: Wed, 29 Oct 2014 18:27:31
105110-14 Vanierschot et al. Phys. Fluids 26, 105110 (2014)
FIG. 11. Results of the numerical simulation of Eq. (6). The dimensionless feedback time τ = 3, στ = 3, and μ = 4000σ . The
dimensionless rotational frequency of the wake, scaled with T is 0.5. (a) Amplitude AS(t) as a function of the dimensionless
time scaled with T. The amplitude is plotted in arbitrary units, (b) frequency spectrum of AS(t).
FIG. 12. Flow field of the annular jet with swirl number |S| = 0.16. (a) Velocity vectors of the swirling jet. The vectors are
scaled with U0. Colored according to magnitude, (b) time averaged streamlines of the swirling jet.
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FIG. 13. Effect of the first two eigenmodes a1−→ψ 1/U0 and a2−→ψ 2/U0 on the flow field (|S| = 0.16). Data from a longitudinal
measurement plane. Colored according to magnitude. Note: only one in four vectors is shown. (a) −→ψ 1/U0, (b) −→U /U0 +
max
∀t
(a1)−→ψ 1/U0.
FIG. 14. Temporal reconstruction coefficients and their wavelet analysis for the swirling jet (|S| = 0.16). A Morlet wavelet
is used in the decomposition. (a) First mode temporal reconstruction coefficient a1, (b) wavelet decomposition of the first
temporal coefficient a1.
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FIG. 15. Results of the numerical simulation of Eq. (3) for S = 0.12. The dimensionless feedback time τ = 3, στ =
3, and μ = 4000σ . The dimensionless rotational frequency of the wake, scaled with T is 5.5. (a) Amplitude AS(t) as
a function of the dimensionless time scaled with T. The amplitude is plotted in arbitrary units. (b) Frequency spectrum
of AS(t).
for a swirling jet at S = 0.12 is 8 ms. Substituting this in Eq. (4) results in a period T = 0.38 s.
Hence, the swirl frequency at which no peak can be found is equal to 5.5/T or 14.5 Hz. This is in
close agreement with the results of the experiments, which give a highest frequency of around 11
Hz. Hence, the NLDS model with swirl is able to capture the dynamics of the wake motion and the
influence of swirl on those dynamics.
IV. CONCLUSION
In this paper, a study is made of the bluff-body wake of a turbulent annular jet at very low
swirl levels, ranging from 0 to 0.12. The flow field was measured using time-resolved PIV and
analyzed using POD. It was shown that a large asymmetry of the wake vortex is present, which
is also confirmed by other studies. The motion of the wake appears to be random in time and no
coherent motion is present. When a very small amount of swirl is added to the jet, the motion of the
asymmetric vortex is changed from randomly to a well defined precession at very low frequencies.
This precession remains until a certain swirl number |S| = 0.12 is reached. At this swirl number, the
motion of the asymmetric wake is not coordinated anymore and the same behavior occurs compared
to the non-swirling wake. To simulate the physics of the flow field, a model was developed which
assumes that the perturbations, which originate within the inner shear layer of the jet, close to the
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bluff body wall, are entrained by swirl and create a coordinate motion between the jet and asymmetric
wave through a convective feedback mechanism. A well known equation in literature to simulate
this is the nonlinear delayed saturation model. In this study, the model is adapted for a swirling flow.
With this model the dynamics of the wake could be simulated and comparison with experiments
shows a good agreement.
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